This work illustrates how side-view optical imaging, anodic potentiodynamic polarization and realtime hydrogen evolution measurements can be applied and complementary used to study the processes occurring on a corroding magnesium surface. Side-view imaging reveals that hydrogen evolution takes three different forms: i) large and stable bubbles on the uncorroded regions, ii) a stream of fine hydrogen bubbles at the corrosion front and iii) medium-sized bubbles behind the corrosion front. The observation suggests that the relatively large bubbles ahead and behind the corrosion front are associated with a purely cathodic reaction that provides the 'remote current'. This current, combined with the depassivating role of chloride ions, maintains the corrosion front active, generating regions where either the metal is locally directly exposed to the electrolyte or it is only covered by a poorly protective chloride-rich film. Regardless of the precise nature or morphology of the poorly protective (or absent) surface film at the corrosion front, additional hydrogen evolution occurs due to the large overpotential available. Overall, the anodic current associated with magnesium oxidation is the sum of the 'remote current', which is manifested with hydrogen evolution ahead and behind the corrosion front, and the 'local' current associated with hydrogen evolution at the corrosion front. From the electrical viewpoint, the corrosion front acts as a current amplifier where the current amplification effect can be measured directly by real-time gravimetric hydrogen measurement performed simultaneously with anodic potentiodynamic polarization.
Introduction
The study of magnesium corrosion by electrochemical methods is non-trivial due to the multiple processes occurring on the metal surface. Among the structural metals of practical interest, magnesium has the lowest electrochemical potential for oxidation (-2.37 V vs SHE), which is well below the electrochemical potential required for hydrogen evolution. In addition, the magnesium surface supports the formation of an oxide/hydroxide layer that is only partially protective in aqueous environments at near neutral pH 1 . As a consequence, in an aqueous electrolyte, the presence of the air formed oxide/hydroxide film is not sufficient to prevent corrosion initiation and propagation. Generally, corrosion initiates locally and propagates parallel to the metal surface faster than it propagates perpendicularly to the metal surface [2] [3] [4] [5] [6] [7] . This process results in the progressive propagation of dark-grey/black regions, and only once the entire metal surface appears dark, corrosion might proceed locally in-depth.
During the first stages of corrosion, i.e. when the transition from silvery to dark occurs, numerous processes take place on the surface. Immediately after immersion, the surface film thickens due to the large potential difference between magnesium oxidation and hydrogen evolution which takes place on exposed impurities and intermetallics. This stage is generally associated with a relatively fast increase in corrosion potential due to the decrease in anodic activity that follows film thickening. Once the potential has increased sufficiently, the original film undergoes breakdown and corrosion proceeds locally. As soon as this occurs the potential becomes relatively steady and hydrogen streams composed by very fine bubbles are observed at the interface between the silvery and the dark areas 8 .
Upon anodic polarization, the hydrogen evolution rate increases, generating the so called 'negative difference effect' or 'superfluous hydrogen evolution', which is contrary to what electrochemical theory would predict 1, 4, 5, [9] [10] [11] [12] . Conversely, upon cathodic polarization, the hydrogen evolution rate behaves as expected by the theory, i.e. it increases with increasing cathodic polarization 2 .
The peculiar corrosion behaviour observed on magnesium has been the focus of numerous studies in recent years and several interpretations have been proposed. Historically, one of the possible interpretations was the generation of univalent magnesium during anodic polarization 10, 13, 14 . The generation of univalent magnesium could in principle explain this behaviour, since univalent magnesium ions could oxidize to divalent magnesium after detaching and generate hydrogen after ejection into the electrolyte. However, a number of recent experimental evidences strongly suggest that univalent magnesium is not responsible for the negative difference effect, and the process of hydrogen evolution is entirely cathodic in nature. Discussion of the arguments supporting this statement is not reported here for brevity, but can be found in the literature 2, [4] [5] [6] [15] [16] [17] .
Accepting that hydrogen evolution on magnesium is not the consequence of the generation of univalent magnesium, it is necessary to explain the unexpected increase in hydrogen evolution rate during anodic polarization. Several mechanisms, not necessarily contrasting each other, have been proposed to date to account for the phenomena observed. Such mechanisms can be in the first approximation be grouped in there categories, each broadly attributing the increase in hydrogen evolution during anodic polarization: i) an increase in exchange current for hydrogen evolution with increasing anodic polarization, the so called 'autocatalytic effect' (for example ref 4 ), ii) an increase in cathodic activity with increasing anodic polarization due to change in nature of the corroded surface following enrichment of impurities or increased exposure of second phase material after corrosion (for example ref 18 ) and iii) an increase in hydrogen evolution due to the rupture of the film separating the metal from the electrolyte during anodic polarization (for example ref 19 ).
This work aims to illustrate how the results obtained from side-view real-time imaging of the corroding magnesium surface and gravimetric hydrogen collection measurements performed simultaneously with anodic polarization can advance understanding of the hydrogen evolution processes on corroding magnesium.
Experimental Materials
The experiments presented in this work were performed on 99.95 wt.% Mg, obtained from a cast ingot. Magnesium samples were mounted in epoxy resin, then wet ground and mechanically polished to 4000 grit paper. Corrosion testing was performed in naturally aerated 3.5 wt.% NaCl solution prepared from analytical grade reagents (99.5 % pure, Fisher Scientific). For electrochemical testing an Iviumstat potentiostat was connected to a typical three electrode cell consisting of the magnesium specimen (working electrode), a platinum foil (counter electrode) and a saturated calomel electrode (reference electrode). The scan rate for anodic polarization was 1 mV s 
Real-time hydrogen evolution measurement by gravimetric method
A schematic and a photograph of the apparatus for the measurement of hydrogen evolution, are shown in Figure 1 . The key feature of this setup is an electrode holder coupled with a hydrogencollecting container. The holder comprises a rigid rod that supports a magnesium electrode that had previously been connected to an electrical wire and embedded in transparent epoxy resin; with this setup it is possible expose a well-defined area to the test electrolyte. Above the electrode, a cylindrical container that is open at the bottom but closed at the top container is attached to the rigid rod. In this way, during immersion, the hydrogen gas generated from the corroding magnesium electrode is collected at the top of the cylinder. The assembled electrode holder is then placed on the plate of a conventional laboratory balance or hung on the measuring hook fitted under some models of balance. Details of the two arrangements are available refs 2, 20 and 21 , respectively.
When hydrogen evolves from the corroding surface, it accumulates in the collecting cylinder, thereby displacing some of the test electrolyte from the collecting cylinder. As a result, a buoyancy force acting on the cylinder and the rod is generated, and it is transmitted mechanically to the balance. The buoyancy force is equal to the volume of hydrogen generated multiplied by the density of the test electrolyte. Considering that 1 mol of hydrogen evolved at room temperature occupies 22.46 litres, if the density of the test electrolyte is 1 kg dm -3 (pure water), the buoyancy force generated is 22.46 kg. By using Faraday's law, it is possible to calculate that 1 mA of current producing hydrogen at 100% efficiency in pure water generates a change in weight of 126 µg s -1 or 7.6 mg min -1
, a weight change that can be readily detected by a laboratory scale. It is important to note that the above figure needs to be scaled with the density of the solution, which in the above case was assumed to be 1 kg dm -3 . A detailed discussion on the effects of temperature and pressure for this method has been presented by Fajardo et al. 21 and it is not repeated in this manuscript.
Experiments were repeated numerous times, with some minor variations in the measured values of currents prior, during and after polarization, but a common overall behaviour was found. The differences in the measured values were attributed to the time that is required to adjust the experimental setup after immersion of the electrode in the environment. As a result, on some samples the corrosion was slightly more advanced then on other when the data were being recorded. Other errors are associated with transient until a steady state was achieved, and this include the time needed to remove completely the air from the submersed cylinder and the time needed for the spring back of the electrical cables which were deformed when immersing the sample.
Side-view of corroding magnesium electrodes
In order to obtain side-view images of corroding magnesium, the specimens needed to be prepared following a specific procedure. In this work, magnesium cubes of approximately 1x1x1 cm 3 ( Figure   2a ) were cut from the ingot and embedded in epoxy resin ( Figure 2b ). After polymerization, the embedded specimens were ground such as two adjacent faces of the magnesium cube were exposed ( Figure 2c ). Subsequently, a thin layer of transparent epoxy resin was placed in one of the two exposed faces and a microscope glass was placed on the epoxy resin, such as one edge of the microscope glass was aligned with the edge of the exposed magnesium surface (Figure 2d ). After polymerization of the resin, the glass was ground by 2000 and 4000 grit emery paper, such that the thickness of the glass nearby the edge of the exposed magnesium was substantially reduced compared to the original glass thickness (Figure 2e ). This step is essential to avoid light reflection and image distortion due to the edge of the microscope glass. As a last step, the exposed magnesium surface was gently re-polished to ensure planarity between magnesium surface and glass and to remove contamination from the previous steps. Once prepared, the specimens were immersed in a purpose built cell with flat and thin glass walls, which was filled with approximately 100 ml of 3.5%
NaCl. Side view images were acquired by a USB microscope placed outside the cell. An additional USB microscope was placed above the cell to acquire synchronised top-view images. The experiments were repeated numerous times, with consistent qualitative behaviour observed.
However, due to the nature of the experiment which required to place the microscopes at one location and waiting for the corrosion front to appear, the images obtained are of very variable quality. In fact, during side view imaging, the corrosion front did not necessarily proceed from side to side of the field of view but it proceed in and out of the focal plane of the microscope. In this work, only the best images are reported. Figure 3 presents a time series of side-view images of the same region of a magnesium electrode at the free corrosion potential. From the images, and more clearly from direct visual observation and from recorded videos (unreported), it is evident that three types of hydrogen bubbles are generated during corrosion. Specifically: i) large and slow growing bubbles are generated from the very early stages on the silvery uncorroded regions, ii) very fine bubbles (hydrogen streams) are always revealed at the corrosion front and iii) medium sized bubbles generate behind the corrosion front.
Results and discussion

Optical imaging of magnesium corroding at the open circuit potential
Although not directly evident from the images presented here, examination of video recordings enable to conclude unequivocally that the both the large and medium bubbles always originate from the same locations, whereas the stream of hydrogen bubbles advances towards the uncorroded regions in a relatively regular manner.
From the side-view images, another interesting observation can be made (Figure 4,5) . Specifically, it appears that most of the medium size bubbles, generated behind the corrosion front, rapidly grow and detach from the surface. However, it is not infrequent to observe bubbles that are detached from the surface but stationary, i.e. they don't float towards the surface. This is exemplified in Figure   5 , Overall, the observations from the side-view imaging can be rationalized into the schematic presented in Figure 6 , similarly to what has been suggested previously 19 . The large bubbles on the uncorroded regions generate from impurities that are directly exposed to the test electrolyte. Here, due to the low macroscopic potential of the magnesium electrode, cathodic hydrogen evolution takes place, producing alkalinisation which prevents significant attack of the surrounding material.
Such cathodic process provides some of the total current that maintain active the corrosion front. A similar cathodic process occurs behind the corrosion front, where relatively large bubbles are always generated from the same locations. These locations are likely to be cathodically active since either the corrosion product film is less protective compared to the air-formed film, or intermetallics particles, or region with enrichment of impurities, have been exposed to the electrolyte after selective dissolution of the magnesium matrix. Similarly to the bubbles generated on the uncorroded regions, the cathodic process of hydrogen evolution provides the remaining part of the current that maintains active the corrosion front. At the corrosion front, the combined presence of the current generated by the previous two processes ('remotely') and of depassivating conditions such as chlorides or low pH, results in rupture of the original surface film. Here, either the magnesium metal is directly exposed to the electrolyte, or a poorly-protective chloride-rich film is generated.
Regardless the exact nature of the non passivated surface, the oxidation of magnesium and the hydrogen evolution occur simultaneously in these locations and as a consequence of the large potential difference between magnesium oxidation and hydrogen evolution. Thus, the current associated to magnesium oxidation is the sum of the 'remote current' due to hydrogen evolution ahead and behind the corrosion front and the 'local' current associated to hydrogen evolution at the corrosion front. From the electrical viewpoint, this induces a current amplification effect, since the current associated with magnesium oxidation is larger than the current produced 'remotely' by the larger bubbles ahead and behind the corrosion front, due to the local process of hydrogen evolution at the corrosion front. At this location, due to the unstable nature of the dissolving surface, the hydrogen bubbles cannot anchor and they detach almost immediately thus forming an hydrogen stream. As the corrosion front advances, a significant pH gradient is generated, with the pH behind the corrosion front being much higher than the pH ahead of the corrosion front. Such increase in pH might induce the formation of gels, whose viscous nature occasionally prevent some hydrogen bubble to float immediately.
Hydrogen evolution measurements at the open circuit potential and during potentiodynamic polarization
In order to quantify the current amplification effect, direct measurements of evolving hydrogen were performed together with potentiodynamic anodic polarization. Figure 7 presents the typical results that can be obtained by performing such an experiment. In Figure 7a , the potential-time behaviour is presented. After an initial 900 s period of free corrosion, the potential was linearly increased and the associated electrical current response is presented in Figure 7b . Figure 7c presents the change in weight as a function of time recorded during the experiment (electrode area 1.9 cm 2 ), and in Figure 7d , the time evolution of the current calculated from hydrogen evolution is presented. It is evident that the current associated with hydrogen evolution follows closely the electrical current and that, when the application of electrical current terminates, the current associated with hydrogen evolution sharply decrease to a value that is comparable to what measured prior to polarization. , but the signal was relatively noisy since such value is close to the detection limit of the setup for a specimen area of circa 2 cm -2
. When the polarization was initiated at 900 s, the electrical current rapidly increased. The current associated with hydrogen evolution also increased rapidly and the behaviour measured was similar to that of the electrical current. When the anodic polarization was terminated, the current associated to hydrogen evolution decreased rapidly to a value in the region of 1 mA cm -2 , and higher than prior to polarization, but small compared to the value measured during polarization. This indicates that, in agreement with previous suggestions 24, 25 , the increase in cathodic activity of the corroded regions during anodic polarization provides a minor contribution to the increase in hydrogen evolution rate during anodic polarization, and it is far from being the main controlling process. Considering the result in the light of the schematic of Figure 6 , it appears that, during anodic polarization, the remote current generated by purely cathodic regions on the specimen surface (large and medium bubbles), increases but such increase in current is very small compared to the remote current that is provided by the external circuit.
Under this assumption, the current amplification effect at the corrosion front can be quantified directly, as graphically illustrated in Figure 9 . Here the various components of currents graphically represented by arrows in Figure 6 are plotted against the remote current, assumed, during an anodic polarization experiment, to be equal to the current applied by the potentiostat. From the figure, it is evident that the current that results in the oxidation of magnesium, which is given by the sum of the electrical current and the hydrogen current, increases approximately linearly with the remote current.
It is possible that the current amplification effect is responsible for the abrupt increase in corrosion rate with impurities level that is well documented for magnesium. If the impurity level is below a threshold limit, the remote current that is available at the free corrosion potential is insufficient to maintain an active corrosion front, and corrosion propagation is extremely low. If the level of impurities is sufficient, then the remote current produced is sufficient to maintain at least one stable active corrosion front. As the active corrosion front progresses parallel to the surface, it leaves behind corroded regions that are more cathodically active. This provides an additional remote current, which extends the active corrosion front and ultimately will produce more cathodically active regions. This suggestion is indirectly supported by the observations of Samaniego et al. 24 and
Fajardo et al. 25 , who reported that during anodic polarization (i.e. when the remote current provided by the external circuit largely exceeds that generated on the electrode surface), the increase in hydrogen evolution only shows a very weak dependence on the impurities level.
Conclusions
Side-view imaging, together with gravimetric hydrogen measurement during anodic polarization, provide effective tools to advance mechanistic understanding of magnesium corrosion. From the images of the corroding surface it appears that the hydrogen evolved ahead and behind the corrosion front is associated with a purely cathodic process that produces the current necessary to maintain an active corrosion front. At the corrosion front, the surface film is absent, or replaced by a poorly protective chloride-rich film; therefore, due to the large overpotential available, and the fact that hydrogen bubbles cannot anchor to the unstable nature of the dissolving surface, additional hydrogen evolution takes place in the form of streams. The overall effect is that the current produced remotely, ahead and behind the corrosion front is amplified at the corrosion front by the local hydrogen evolution. During anodic polarization, the increase in cathodic activity associated with the propagation of the dark corroded regions only provides a minor contribution to the overall increase in hydrogen evolving from the surface and the current amplification effect can be quantified. . Dependency of the current producing magnesium oxidation on the value of remote current, under the assumption that during anodic polarization the external current largely exceeds the remote cathodic current generated on the electrode surface (ref. Figure 6 ). L o c a l h y d ro g e n e v o lu ti o n c u rr e n t Figure 9 . Dependency of the current producing magnesium oxidation on the value of remote current, under the assumption that during anodic polarization the external current largely exceeds the remote cathodic current generated on the electrode surface (ref. Figure 6 ).
